ABSTRACT : This study reports a fiber-optic sensor detecting biomolecule by simultaneously monitoring localized surface plasmon resonance (LSPR) from gold nanoparticles (Au NPs) of ca. 50 ± 5 nm attached on one end of optical fiber and surface enhanced Raman scattering (SERS) of the reporter molecules adsorbed on the gold surfaces as an additional sensing tool. The sensor was fabricated by immobilizing Au NPs on one end of an optical fiber by chemical reaction. LSPR and SERS signals of the sensor were measured using various refractive indices solutions. Finally, the sensor was applied to observe real-time LSPR sensorgram and SERS spectra of the reporter molecule of 4-aminothiphenol during the antibody-antigen reaction of interferon-gamma (IFN-γ) as a proof-concept experiment of biological applications.
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Surface plasmon resonance (SPR) is recognized as a powerful tool for refractive index (RI) sensing. SPR has shown a great potential for biosensors, allowing real-time analysis of bio-specific interactions without labeling target molecules. However, most of the SPR instruments have very complex optical setups and they cannot be used for the multiplex assay.
1,2 Localized surface Plasmon resonance (LSPR) monitoring collective oscillation of free electron localized in nanoparticles and nanometer-scale rough surfaces has been introduced as an alternative technique of SPR. Localized optical field near nanoparticle surfaces has high sensitivity of refractive index change. 3 Surface-enhanced Raman scattering (SERS) has been known as an optical phenomenon which monitors vibrational finger-prints of molecules adsorbed on specially fabricated surfaces of noble metals in a manner of single molecule sensitivity. 4, 5 It has shown a great potential as a multiplex bio-detection due to its highly narrow band-width compared with other optical methods such as fluorescence and SPR scattering. 6, 7 LSPR can sensitively and quantitatively measure binding processes of the bio-molecular reactions and SERS can distinguish multiple analytes. Monitoring LSPR and SERS simultaneously can allow detection of bio-molecules sensitively and quantitatively for multiple target molecules. There have been a few reports that utilize SPR and SERS simultaneously. [8] [9] [10] [11] However, since these setups are based on Kretschmann's configuration and require complex setups, there is a need for optical method that utilizes LSPR and SERS simultaneously with simple optical setup for portable and inexpensive applications. Use of fiber optic (FO) simplifies the optical setup and costs less. 12, 13 There have been a number of studies that collected the LSPR [14] [15] [16] [17] [18] and SERS 13, 14, 19 through optical fibers.
This study demonstrates a prototype of FO sensor utilizing LSPR and SERS simultaneously for a potential application to real-time detections of multiplexed biological systems. Gold nanoparticles were introduced on one end of an optical fiber for LSPR and SERS activity. LSPR sensitivity of the sensor was measured using various refractive indices solutions and SERS sensitivity was measured by obtaining the SERS spectrum of 4-aminothiophenol (ATP) as a SERS reporter molecule. Then, the LSPR sensor-gram and SERS spectra of FO sensor were measured simultaneously during the antibody-antigen reaction of interferon-gamma (IFN-γ) 20 and the correlation of both signals was analyzed as a proof-concept experiment for multiplex bio-detections. Figure 1 shows a schematic diagram of a FO LSPR and SERS detection system. One part is for detection of LSPR and the other is for detection of SERS. The 647-nm laser-line from a tunable Kr-ion laser (Innova 300C) was used as an excitation light source for LSPR and SERS. One end of an optical fiber was open for light entrance and the other end was prepared for sensoring area. The ×10 objective lens (N.A. = 0.25, W.D. = 10.6 mm, Olympus) was used to collimate the laser lights into the optical fiber. The SERS signals were measured by a spectroscopy (Triax 320, JY-Horiba) equipped with a CCD detector (DU401, Andor Corp.) and the LSPR signals were measured by a photodiode detector (S121C, Thorlabs). The smooth line in Figure 1B indicates an incident light path into the optical fiber and the dashed line does a light path reflected from the sensor surface.
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Gold(III) chloride trihydrate (HAuCl 4 ·3H 2 O , 99.9 %), 3-aminopropyl-dimetylethoxysilan (APMES, 97 %), trisodium citrate (99 %), 4-aminothiophenol (ATP, 97 %), bovine serum albumin (BSA, 10%), phosphate buffered saline (PBS, pH 7.4) were purchased from Sigma Aldrich, hydrogen peroxide (H 2 O 2 , 30%), sulfuric acid (H 2 SO 4 , 95%), methanol (99.5%), ethanol (99%) were supplied with analytical grade by Daejung Chemicals and borate buffer (pH 8.5) were supplied by GE Healthcare.
Antibody interferon-gamma (Purified Anti-Human IFN-γ), and antigen interferon-gamma (Recombinant Human IFN-γ) were purchased from Becton Dickinson. The refractive index solutions were purchased from Cargille Labs (Series AAA). All the chemicals were used without further purification. A multimodal optical fiber of 105-μm core and 10-μ m cladding was purchased from Thorlabs (AFS, 105/125Y). The protecting polymer at both ends of the optical fiber was removed and cleaved to expose smooth silica surface. Then, the end-face of the optical fiber was activated with hydroxyl functional groups by dipping into the piranha solution (a mixture of H 2 SO 4 and 30 % H 2 O 2 (3:1, v/v)) for 20 minutes at 95 ºC for further silanization.
The FO was then immersed into 5% (v/v) APMES solution for 90 minutes to form a self-assembled monolayer (SAM) of APMES on the end-face of the optical fiber. Next, the optical fiber was immersed in the gold colloid solution for 1 hour in order to immobilize the Au NPs on the end-face of the optical fiber. 21 The FO sensor probe surface was then characterized by field emission scanning electron microscope (FE-SEM, SUPRA 55VP, Carl Zeiss). SEM images of the sensor surface of the FO probe shown in Figure 2 , exhibits that the Au NPs were evenly introduced without heavy clustering of nanoparticles.
RESULT Simultaneous measurement and FO sensor sensitivity
SPR signal is sensitive to the refractive index change around the gold nanoparticles attached on the end surface of the FO sensor. In order to use SERS signal to sense the refractive index change, ATP molecules are adsorbed on the gold surface since the SERS intensity of ATP depends on localized optical field due to surface plasmon resonance of gold nanoparticles.
LSPR and SERS signals from the sensor surface were measured for five solutions of different refractive indices (Series AAA, Cargille Labs), which were 1.34, 1.35, 1.36, 1.37 and 1.38. As a reference, signals from the FO sensor were measured for deionized water of which the refractive index is 1.33. Figure 3 shows LSPR and SERS signals from the FO sensor that was measured simultaneously for five refractive index solutions. The 647-nm laser-line was used as an excitation light source for SERS as well as a light source for LSPR. Upper and the bottom insets show real-time measurement data of LSPR and SERS, respectively. Both SERS and LSPR signals increase linearly due to the refractive indices varying from 1.33 to 1.38.
To confirm the LSPR signal from the FO sensor, the resonance spectral change due to the refractive indices using white light were also measured as shown in supporting information Figure S1 . The spectrum linearly increased with the refractive index which has the same tendency with laser-excitation measurement of the FO sensor.
The LSPR sensitivity is usually expressed using the intensity modulation, which measures the change of reflected light intensity (∆I) per unit change of the refractive index (∆n) and expressed as S = ∆I/∆n (RIU 
Antibody IFN-γ immobilization
In order to investigate the possibility of detecting a biomolecular reaction, this sensor was used to monitor antibody-antigen reaction of IFN-γ. For this purpose Au NPs on the fiber surface was further immobilized with antibody of IFN-γ. Figure 4 illustrates schematic diagram of the immobilization process of antibody IFN-γ.
We have previously reported the procedure of antibody IFN-γ immobilization to FO sensor surface. 16, 17, 18 Briefly, the FO sensor with gold nanoparticles on its surface was immersed into 100 μl of 10 The sensor-gram was composed of four step measurements in phosphate buffered saline (PBS, pH 7.4) for 5 minutes between every sequential immobilization processes in order to recognize the optical change on the FO sensor surface. Before the ATP reporter molecule treatment FO sensor was used to measure resonance intensities in phosphate buffered saline (PBS, pH 7.4) and used as a baseline which corresponds to step I.
Step II, III and IV correspond to the resonance intensity measurements after ATP, antibody IFN-γ and BSA immobilization, respectively. The resonance intensities showed step-wise increase from step I to IV. For comparison, we also measured resonance intensities during the whole immobilization processes using FO without Au NPs, which is shown as a grey line in the real-time sensor-gram. Intensity values were almost constant, indicating that there was little change in refractive index near the surface of the FO sensor. Figure 5B shows simultaneous measurement of SERS spectra of ATP reporter molecule during the immobilization process of ATP, antibody IFN-γ and BSA. Dashed, doted, solid and dot-dashed lines correspond to I, II, III and IV steps, respectively. SERS intensities of ATP depend on localized optical field due to surface plasmon resonance of gold nanoparticles. Therefore, SERS intensities of ATP were increased from measurement step I to step IV, which have the similar tendency of measured LSPR scattering intensity shown in Figure 5A . Figure 6A shows a real-time sensor-gram of the LSPR scattering intensity at 647-nm excitation. The LSPR scattering intensity was converted to Resonance unit (RU). Before injecting the antigen of IFN-γ, the FO sensor was used to measure LSPR scattering intensities in phosphate buffered saline (PBS, pH 7.4) for 3 minutes and used as a baseline. Next, 10 ng/ml of antigen IFN-γ was injected and LSPR scattering signal was recorded for 12 minutes. Once the antigen was injected, the scattering signal increased drastically and then remained constant, showing average intensity of 4.57 ± 0.13 kRU. Finally, phosphate buffered saline (PBS, pH 7.4) was injected in order to remove nonspecific binding of antigen of IFN-γ. LSPR scattering intensity was recorded for 24 minutes until the signal was stabilized. The measured signal was 1.49 ± 0.11 kRU. SERS signals were simultaneously measured before and after bio-reaction. The measurement points were indicated in Figure 6A . Figure 6B illustrates the SERS spectra before and after the antibody-antigen reaction. The solid and dotted lines correspond to SERS spectrum of ATP from FO sensor in phosphate buffered saline (PBS, pH 7.4) before and after antigen injection, respectively. After the bio-reaction of IFN-γ the SERS spectrum of the ATP became more intense due to a binding between antibody and antigen of IFN-γ. LSPR can sensitively and quantitatively measure binding processes of the bio-molecular reactions. However, LSPR cannot distinguish multiple targets in one time. SERS has a great potential as a multiplex bio -detection due to its highly narrow band-width compared with other optical methods such as fluorescence and SPR scattering. Monitoring LSPR and SERS simultaneously can detect bio-molecules sensitively and quantitatively for multiple target molecules. For example, there are multiple capture antibodies on the FO sensor surface with specific reporter molecules, observed SERS spectrum change can distinguish which specific binding of antigen is involved. The result of this study presents a proof-of-concept in such application of LSPR and SERS for multiple bio-detections.
Real-time detection of antibody-antigen reaction of IFN-γ
CONCLUSIONS
In this study, we have demonstrated FO LSPR and SERS simultaneous sensor that has a unique ability to detect real-time sensing of molecular binding. The sensor was fabricated using Au NPs and the sensitivity of the FO sensor was defined to measure various refractive index solutions in order to detect antibody-antigen reaction of IFN-γ. The response of the observed real-time sensor-gram exhibited target binding events.
In a multiplexing assay, LSPR sensor-gram can show the real-time binding process and the SERS signal can differentiate which target was targeted and monitored. The concept and method demonstrated in this study can serve as a basis for developing multiplex assays for the detection of molecular binding events in biological systems. 
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